Abstract Controversy exists about the indications, advantages and disadvantages of various surgical techniques used for anterior interbody fusion of spinal fractures in the thoracolumbar junction. The purpose of this study was to evaluate the stabilizing effect of an anterolateral and thoracoscopically implantable screwplate system. Six human bisegmental spinal units (T12-L2) were used for the biomechanical in vitro testing procedure. Each specimen was tested in three different scenarios: (1) intact spinal segments vs (2) monosegmental (T12/L1) anterolateral fixation (macsTL, Aesculap, Germany) with an interbody bone strut graft from the iliac crest after both partial corpectomy (L1) and discectomy (T12/L1) vs (3) bisegmental anterolateral instrumentation after extended partial corpectomy (L1), and bisegmental discectomy (T12/L1 and L1/L2). Specimens were loaded with an alternating, nondestructive maximum bending moment of ±7.5 Nm in six directions: flexion/extension, right and left lateral bending, and right and left axial rotation. Motion analysis was performed by a contact-less three-dimensional optical measuring system. Segmental stiffness of the three different scenarios was evaluated by the relative alteration of the intervertebral angles in the three main anatomical planes. With each stabilization technique, the specimens were more rigid, compared with the intact spine, for flexion/extension (sagittal plane) as well as in left and right lateral bending (frontal plane). In these planes the bisegmental instrumentation compared to the monosegmental case had an even larger stiffening effect on the specimens. In contrast to these findings, axial rotation showed a modest increase of motion after bisegmental instrumentation. To conclude, the immobilization of monosegmental fractures in the thoracolumbar junction can be secured by means of bone grafting and the implant used in this study for all three anatomical planes. After bisegmental anterolateral stabilization a sufficient reduction of the movements was registered for flexion/extension and lateral bending. However, the observed slight increase of the range of motion in the transversal plane may lead to loosening of the implant before union. Therefore, the use of an additional dorsal fixation device should be considered.
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Is a single anterolateral screw-plate fixation sufficient for the treatment of spinal fractures in the thoracolumbar junction? A Biomechanical in vitro Investigation Introduction Indication for surgery is often given for unstable spine fractures. The aim is to decompress the spinal cord, correct disorders and perform a fusion on the affected segments. A variety of surgical techniques (anterior, posterior and combined approach) are described in literature [2, 13, 34] . Still, controversy exists about the best treatment of various injury patterns. The advantages of posterior stabilization are considered to be the stable fixation of implants [15] , the possibility of an effective restoration of the injured structures and a safe and fast operation technique [6, 22] . Advantages of the anterior fixation seem to be a better spinal decompression and the restoration of the affected load-bearing anterior column [1] .
For special fracture patterns, single anterior fixation using the minimally invasive endoscopic technique may compete with the traumatic conventional dorsal procedures. The open dorsal techniques require a wide dissection of the paraspinal muscles in cases that show destruction of the anterior column only, i.e., the compression type-A fracture according to the AO (Magerl) classification [18] . Assuming that an anterior fixation device providing angular stability is used, stabilization that is similar to and as effective as the dorsal system should be achieved.
Immediate postoperative stability of a particular implant system can be estimated with in vitro investigations on isolated, stabilized spinal functional units. Several authors reported the effects of various implant systems and fracture models. Their in vitro investigations were performed with different biomechanical setups [1, 9, 17, 32] .
The purpose of this in vitro study was to evaluate the primary stability of a single monosegmental and bisegmental anterolateral screw-plate fixation device (modular anterior construct system for the thoracic and lumbar spine [macsTL] Aesculap, Germany) in the human thoracolumbar junction (T12-L2).
Materials and methods

Specimens
Six human bisegmental specimens (T12-L2) were used for this biomechanical test procedure. At harvest, the spines were dissected and soft tissues carefully removed, leaving all ligaments intact. According to the recommendations of Wilke et al., the spines (age range: 24-48 years, median 42.5 years; weight range: 61.0-83.3 kg, median 74.7 kg; height range: 165-205 cm, median 170.5 cm, Table 1 ) were kept frozen in plastic bags at 28°C [31] . As primary implant stability depends to a large degree on bone density [33] , bone quality was evaluated using the DEXA method (Dual-Energy X-ray Absorption, Norland XR-26 MARK II, Cooper Surgical, USA) [26] . Area (cm 2 ), bone mass (g), and bone mineral density referring to the area (g/cm 2 )were determined [30] . The reference group referring to L2-L4 is implemented in the DEXA apparatus and is equivalent to the Caucasian population.
To avoid influence on the biomechanical behavior by autolysis and air exposure, all specimens were kept moist during the tests by spraying saline onto them. Specimens were fixed in the setup by embedding half of the upper (T12) and the lower (L2) vertebra in an epoxy resin (Ureol 5202-1A/B, Vantico, Quillan, France). The three-dimensional orientation of the specimens followed their physiological situation. Therefore, the thoracolumbar junction of T12/L1 showed 1°kyphosis and between L1/L2 a 4°lordosis [5] .
Spine testing setup
The testing setup ( Fig. 1) enabled movements in all 6 degrees of freedom [23] . It was integrated in a universal testing machine with a mono-axial piston. Depending on the alignment of the specimens within the setup, the applied force induced motion in the frontal (left/right lateral bending) or sagittal (flexion/extension) plane. Due to the lever arm (375 mm), an alternating maximum load of ±7.5 Nm with an alternating axial component of ±20.0 N was implemented. The uniaxial load cell (200 N, Burster, Germany) was placed coaxially to the cranio-caudal axis of the specimen at the end of the lever arm. As Yamamoto et al. found, an axial load smaller than 150 N has no effect on the range of motion [34] . Left and right axial rotation (transversal plane) was realized by an electromechanical drive. Therefore, the specimens were loaded in their longitudinal axis with an alternating, maximum pure torsional moment of ±7.5 Nm and measured with a torque sensor (100 Nm, Burster, Germany). According to literature, with these maximum loads, irreversible defects on the specimens could be ruled out [14, 20, 21, 28, 32] . Due to the cardanic suspension, the cranial linear ball bearing and the caudal-directed thrust bearing, an unconstrained movement was possible. Compensation for the cranial weight of the setup was performed using a dead weight.
Data acquisition and evaluation
Angular changes of the vertebrae due to loading (in sagittal, frontal and transversal plane) were recorded by two digital video cameras and evaluated using a three-dimensional motion analysis system (SIMI-Motion 5.2, SIMI Reality Motion Systems, Germany).
Before testing, two markers were attached to each of the three vertebrae in the spinous and transverse processes. At any time of the movement, the markers were visible in both cameras. The volume of 1,807.9 cm 3 (x=12.1 cm, y=15.2 cm, z=9.8 cm), in which the movement of the marker was expected, was calibrated at baseline. With the projection onto the planes of the coordinate system coinciding with the anatomical planes, spine motion was evaluated two-dimensionally. The origin of the coordinate system was positioned in the center of the caudal vertebrae and in line of the embedding resin.
The maximum error of the measuring system was 0.30°for the sagittal and frontal plane and 0.11°for the transversal plane. Evaluation of angular changes was performed for each functional unit (T12/L1, L1/L2) as well as bisegmentally (T12-L2). Applied loads were recorded simultaneously by a data acquisition software (Lab-VIEW 5.0, National Instruments, USA). For the optical as well as for the electronic signals, the measuring rate was 25 Hz. Synchronization of the video sequences and the moment data was ensured by an optoelectronic trigger signal.
The acquired load/deformation curves were analyzed as range of motion (ROM), i.e., the maximum change of the intervertebral angles at the maximum load of ±7.5 Nm and the neutral zone (NZ), i.e., the change of the intervertebral angles at the load of 0.0 Nm (Fig. 6 ). Each step -intact, monosegmental, and bisegmental fixation -was evaluated in each single anatomical plane, respectively.
Statistical analysis of the evaluated ROM data was performed with the Wilcoxon exact test using SPSS software (version 10.0). To determine significant changes in the movements, maximum angle alterations of each step, each plane in the monosegmental and bisegmental views were investigated, as appropriate. The level of significance was fixed at α=0.05. As the Wilcoxon exact test was used for statistical analysis several times, the calculated p values can only be indicated with reservation and can be used for explorative data analysis only.
Implant system
The modular anterior fixation system macsTL was developed for the use of thoracoscopic spondylodesis [3, 4] . As a modular system, it offers the usage of different anchorage concepts and a plate or double-rod system. Furthermore, the various implant configurations allow monosegmental or multi-segmental stabilization.
The implant system is applied in the anterolateral position and, due to its low profile design, together with the implantation technology, a thoracoscopic procedure is possible. A Kirschner wire guides the screw into the dorsolateral region of the vertebral body. The clamping element is able to pivot around the cannulated polyaxial screw until its final position is reached and fixed with the set screw. After the assembly of the framing plate onto the clamping element, locking is achieved with a fixation nut. For further stabilization of the implant, an angle-stable anterior screw is inserted and axially locked into the clamping element.
The implant in its twin-screw configuration used in this study is shown in Fig. 2 .
Test protocol
Each of the six specimens (Nos. I-VI) underwent the following protocol test steps:
1. Specimens tested intact 2. Partial corpectomy L1 with monosegmental fixation (T12/L1) 3. Partial corpectomy L1 between the caudal and cranial endplate of the adjacent vertebrae with bisegmental fixation (T12-L2)
Maximum intersegmental motion was determined in six human intact spines (step 1). The vertebral body lesion was simulated by a partial corpectomy (L1) with a partial resection of the cranial (T12/L1) disc. This defect had a width of 12 mm and 20 mm depth (step 2, Fig. 3 ). For the third test step, the lesion was extended to the adjacent caudal upper endplate of L2, thus simulating a bisegmental injury with identical depth and width (Fig. 4) . Both simulated lesions were stabilized on the anterolateral right side, with the monosegmental and bisegmental fixation system parallel to the sagittal plane (macsTL), respectively. The defect caused by the partial corpectomy was filled in both cases, using a tricortical bone graft taken from the iliac crest of the donor. Each test step included loading in all three main anatomical planes (frontal, sagittal and transversal). In order to minimize the influence of subsidence within the discs and ligaments, the specimens underwent two cycles of preconditioning in each plane and test step. Only motion of the third cycle was evaluated. Experiments for each specimen were performed within 5 h after thawing. Within this time, autolytic influence on the biomechanical behavior can be excluded [8] . (Table 1) . Therefore, the measured bone density corresponds to 95% of the Caucasian population. Specimens showed no sign of degeneration.
As the load/deformation curves (hysteresis) were recorded for each test step and functional unit, maximum segmental movements and the neutral zones were extracted. In the following box-plot diagrams ROM values are shown. The monosegmental (T12/L1, L1/L2) and bisegmental (T12-L2) values are grouped within the test steps, of which each box plot shows the median, 25th and 75th percentiles, and the maximum and minimum values. Whenever a peak value was between 1.5-fold and threefold above or below the 75th or 25th percentiles, it was marked with an "O" and the corresponding specimen number. Whenever the peak value was even greater than threefold, it was marked with (✴) and its corresponding number (Figs. 5, 7, 8) .
To compare the stabilizing effect, median values were used. The values are given in tables (Tables 2, 3 and 4) with further information on increases or decreases of maximum movements for each step (↑, ↓), as well as significances (✴) and p values.
Flexion/extension
Monosegmental defect (L1) with partial resection of the disc between T12 and L1 and monosegmental stabilization on the right with macsTL (step 2) caused an overall decrease of ROM compared with the intact specimen. The stabilized bisegmental lesion reinforced the specimens in the bisegmental view compared with step 2 (Fig. 5) . Maximum median deflection of the intact bisegmental spine was 15.7°(step 1). After monosegmental cranial stabiliza- tion, a significant reduction to 13.2°could be observed (step 2). The bisegmental instrumentation caused further reduction (49.0%) of the ROM, (maximum movement after step 3: 8.0°; Table 2 ). Looking at each functional unit separately, a higher mobility of the caudal functional spinal unit (L1/L2: 8.1°vs 5.0°) was registered in step 1. After bisegmental instrumentation, maximum movements were identical for each level (Table 2) . Left/right lateral bending 
↑Increase of the ROM ↓Decrease of the ROM ✴Level of significance α below 0.05 a hysteresis characteristic, the graphs for test steps 2 and 3 flatten increasingly, i.e., showing a near-linear run of the curve. Likewise, the ROM and NZ decreases (Fig. 6) .
Depending on the degree of stabilization, a reduction of specimens' maximum whole-body deflection could be observed in left and right lateral bending (Fig. 7) . With median values of 16.3°, the intact specimen showed the largest deflection.
Step 2 revealed a reduction of the bisegmental ROM by 4°to 12.3°. After the third step, maximum bisegmental movements were reduced significantly to 5.8°, corresponding to 35.6% of the initial intact deflection. Movements of the functional cranial (T12/L1) and caudal (L1/L2) spinal units in lateral bending revealed a similar behavior to flexion/extension for the first two steps (intact and monosegmental instrumentation). The bisegmental fixation showed higher maximal deflection at the cranial than at the caudal segment (Table 3) .
Right/left axial rotation ROM for intact spinal units showed more movement, with 3.6°in the upper segment, than did the lower segment, with 2.5°. The monosegmental instrumentation (step 1) caused a decrease of the ROM in the fixed cranial segment, whereas in the lower segment an increase of the movements was registered. The second step caused a higher rigidity of the specimens in the view of T12/L2 compared with the intact spine. Maximum ROM was observed after step 3 (Fig. 8) . The median bisegmental angle alterations were: 5.4°for the intact spine, 5.2°after monosegmental and 6.3°after bisegmental instrumentation (Table 4) , representing 116.7% of the initial bisegmental intact movement.
Discussion
There is a wide range of surgical methods for operative treatment of spinal fractures in the thoracolumbar region. The single dorsal technique, with its transpedicular screw fixation, offers a fast and safe possibility for stabilization and correcting malalignments. In monosegmental fusions, the additional anterolateral instrumentation allows early removal of the dorsal implant [4] . But in absence of a ventral load-bearing reconstruction, the possibility of subsequent postoperative loss of correction or implant fatigue is given [17] . The ventral technique allows the decompression of the spinal canal and the reconstruction of the loadbearing anterior column.
The anterolateral implant system investigated in our study is made for minimally invasive, endoscopic use. Due to this approach, dorsal soft tissue, such as muscles and joint capsules, are spared [4] . The two most important aspects of the implant are the possibility for repositioning and the achievement of angular stability [3] . This is offered by a stable four-point fixation of the frame plate [12] . In designing the macsTL implant, there was a special focus on including options that permit purely ventral stabilization in type-A injuries exclusively to the anterior spine.
Osseous fusion is influenced by the quality of the bone graft, revascularization of the tissue, the surgical technique used, and postoperative stability [7, 10, 11] . Implants must primarily provide a high degree of initial immobilization. However, at the same time, they should have dynamic properties to facilitate load sharing and to avoid stress shielding, which can lead to fatigue failure of implants or even pull them out of their bony anchor [19, 27] .
Our biomechanical investigations showed that primary stability was achieved with the single-anterolateral-fixation device used in this study in the thoracolumbar junction. Not only in monosegmental use but also bisegmentally, ROM was reduced significantly in the corresponding stabilization in flexion/extension (monosegmental: 31.5%; bisegmental: 49.0%) and lateral bending (monosegmental: 47.3%; bisegmental: 64.4%) as compared with the intact situation. The reason for the greater stiffening effect after bisegmental instrumentation compared with monosegmental stabilization could be due to the different bone stock. In the second step the strut graft rests on the endplate of T12 and in the spongy part of L1. The larger strut graft of the test step 3 rests, on both sides, on the more stable endplates of T12 and L2. Our findings on the compensatory higher motion in the intact adjacent segment in flexion/extension after monosegmental fixation are in line with Langrana et al. [16] . In lateral bending, the supplemented strut graft had a stiffening effect in all segments. In the torsional view, the monosegmental defect was stabilized slightly by the monosegmental implant. ROM increased caudally to offset, as in the sagittal plane. Instability, on the other hand, caused by the bisegmental lesion, could not be stabilized to the value of the intact situation in the transversal plane.
Various loading conditions and setups in biomechanical investigations require careful assessment of the comparison of quantitative results. However, qualitative analysis revealed that the findings of Schultheiss et al. [24] , who investigated the same implant system in vitro, are fairly similar to our results. Schultheiss and colleagues performed a corpectomy of T12 and bridged the defect with a wooden graft and supplemented this by macsTL. This led to a reduction in flexion/extension to 50.8% (our study, bisegmentally: 51.0%) and in lateral bending to 27.4% (our study: 35.6%) compared to the initial situation. For the torsional movement ROM was reduced (83.3%), whereas in our study rigidity of the intact spine was not reached (116.7%).
Wilke et al. [32] and Vahldiek et al. [29] , investigating various ventral implants, had comparable findings to our study. Wilke et al. used bovine specimens to estimate the influence of a ventral instrumentation (Kaneda) after complete corpectomy (T13) and a wooden graft as a vertebral body replacement. In flexion/extension this led to 45.8%, and in lateral bending to 40.4% of the intact ROM [32] . Vahldiek et al. reported a more modest stiffening effect with the implants used (body-wall muscle [BWM] ventral). The human specimens showed in flexion/extension and lateral bending after corpectomy (L2) and the anterolateral implant 75.0% and 76.7% of the intact motion, respectively [29] . In both investigations, loading in the transversal plane resulted in an increase of motion after stabilization of the lesion (151.1% [32] , 187.3% [29] ). Also in our study, the intact stability after bisegmental defect and bisegmental stabilization was not reached (116.7%).
However, clinical results show that, in special fracture patterns, sufficient stability fusion of the affected segment can be gained by the use of autogenous strut graft or vertebral body replacement, supplemented with the anterolateral screw-plate system [4, 25] used in this study. Biomechanical in vitro models are not suitable for simulating the stabilizing effect of the muscles or postoperative biological processes, which seem to have a positive effect on the osseous fusion. Nevertheless, according to clinical experiences [3] and the results of this biomechanical investigation, an additional dorsal fixation is recommended if bone quality is questionable or known to be osteoporotic.
Conclusions
The macsTL is an implant for the ventral section of the truncal spine specially designed for the demands of minimally invasive procedures on the spine. This biomechanical in vitro investigation provided important hints on the primary stability of a single anterolateral fixation after monosegmental and bisegmental lesions. The implant secures the defect monosegmentally in all of the main anatomical planes, whereas, in the bisegmental approach, only in the frontal and sagittal planes a substantially increased stiffness can be reached, compared with the intact state. With respect to these biomechanical findings, the use of an additional dorsal fixation device should be considered for stabilization of a ventral bisegmental defect.
